Background: ZD6474 selectively inhibits the tyrosine kinase activity of vascular endothelial growth factor receptor and epidermal growth factor receptor. The safety, tolerability and pharmacokinetics of ZD6474 were assessed in a phase I dose-escalation study of patients with advanced solid tumors. Patients and methods: Adult patients with tumors refractory to standard treatments received oncedaily oral ZD6474 (50-600 mg) in 28-day cycles, until disease progression or unacceptable toxicity was observed. Results: Seventy-seven patients were treated at doses of 50 mg (n = 9), 100 mg (n = 19), 200 mg (n = 8), 300 mg (n = 25), 500 mg (n = 8), and 600 mg (n = 8). Adverse events were generally mild, and the most common dose-limiting toxicities (DLT) were diarrhea (n = 4), hypertension (n = 4), and rash (n = 3). The incidence of most adverse events appeared to be dose-dependant. In the 500 mg/day cohort, 3/8 patients experienced DLT and this dose was therefore considered to exceed the maximum tolerated dose. Pharmacokinetic analysis confirmed that ZD6474 was suitable for once-daily oral dosing. Conclusions: Once-daily oral dosing of ZD6474 at 300 mg/day is generally well tolerated in patients with advanced solid tumors, and this dose is being investigated in phase II trials.
Introduction
Recognition of the role of angiogenesis as a fundamental requirement for tumor growth has led to the identification and assessment of a number of agents with antiangiogenic activity [1] . These agents block tumor vascular development principally by either preventing the binding of angiogenic growth factors to their receptors, or directly acting on endothelial cells to inhibit activation, proliferation or migration [2] [3] [4] . Vascular endothelial growth factor (VEGF) is one of the most potent stimulators of angiogenesis, inducing endothelial cell proliferation, protease expression, endothelial cell migration, capillary tube formation, and endothelial cell survival signaling in newly formed blood vessels [2, [5] [6] [7] [8] . VEGF also plays a key role in regulating vascular permeability, with overexpression resulting in the highly permeable vessels characteristic of pathological neovasculature [9 -12] . Inhibition of VEGF signaling in tumor vasculature therefore represents an exciting therapeutic strategy, with the potential to arrest the development of new blood vessels essential for tumor growth and metastasis. Indeed, the clinical value of VEGF inhibition has been demonstrated in studies of bevacizumab which, in combination with chemotherapy, provided the first demonstration of clinically meaningful and statistically significant improvements in survival [13] . This agent has therefore established VEGF inhibition as an approach with major therapeutic potential.
VEGF signaling occurs through the endothelial cell-associated tyrosine kinase receptors VEGFR-1 (Flt-1) and VEGFR-2 (KDR). However, activation of VEGFR-2 alone appears to be sufficient to induce the angiogenic and vascular permeabilization activity of VEGF. ZD6474 is a novel, orally available inhibitor of VEGFR-2 and epidermal growth factor receptor (EGFR) tyrosine kinase activity [14, 15] . Inhibition of VEGF signaling responses by ZD6474 has been demonstrated in preclinical studies in vivo, including reversal of VEGFinduced hypertension [16] . Chronic once-daily administration of ZD6474 has been shown to result in significant tumor growth inhibition in a range of histologically diverse human xenograft models and to induce regression of established PC-3 prostate tumors [16] . Because ZD6474 inhibits the growth of gefitinib-resistant tumors in human xenografts, it may be a useful treatment in tumors that do not respond to EGF inhibitors [17] . An antimetastatic effect has also been demonstrated in a human pancreatic tumor model, showing a marked reduction in lymph node and liver metastases compared with control or gemcitabine-treated animals [18] .
The primary objective of this phase I clinical study was to assess the safety and tolerability of oral ZD6474 in patients with advanced solid tumors. Secondary objectives included assessment of single-and multiple-dose pharmacokinetics and evaluation of the antitumor activity of ZD6474.
Patients and methods

Patients
Adult patients with malignant tumors refractory to standard treatments, or for whom no standard treatment exists, were recruited from six centers in the USA and Australia. Subjects were required to have a WHO performance status of 0, 1 or 2, and a life expectancy of more than 12 weeks. The main exclusion criteria were significant cardiac, hematopoietic, hepatic or renal dysfunction; any gastrointestinal pathology that would affect drug bioavailability; a history of coagulopathy, central nervous system (CNS) tumors or metastases; and other anticancer therapy within the previous 4 weeks. Concomitant use of amiodarone, chlorpromazine, ketoconazole, itraconazole, troleandomycin, erythromycin, diltiazem, verapamil, phenytoin, carbamazepine, barbiturates, rifampicin or warfarin was not permitted.
Patients in the expanded cohort phase were required to have only one active tumor type, measurable using Response Evaluation Criteria in Solid Tumors (RECIST) [19] , and to have tumors suitable for MRI (magnetic resonance imaging; tumors considered suitable were those affecting soft tissue, liver, fixed pelvic masses or bone). All patients provided written informed consent. The trial was conducted in accordance with the Declaration of Helsinki, and was approved by all institutional ethics committees.
Study design
Patients received a single oral dose of ZD6474 (50, 100, 200, 300, 500 or 600 mg), followed by a 7-day observation period (cycle 0; Figure 1 ). At the end of this period, patients received once-daily treatment at the same dose level as in cycle 0 for a total of 28 days (cycle 1). Patients received further 28-day cycles of treatment until evidence of tumor progression or dose-limiting toxicity (DLT) was observed. No intrapatient dose escalation was performed. Scheduled assessments were daily during cycle 0 and on days 1-15 of cycle 1, weekly during the remainder of cycles 1 and 2, and every 2 weeks for subsequent cycles.
Dose escalation was performed when a minimum of three patients per cohort had completed 28 days of continuous treatment without experiencing DLT. Toxicity was graded according to the National Cancer Institute Common Toxicity Criteria (NCI-CTC) version 2.0. DLT was defined as grade 2 diarrhea daily for >7 days or grade 3 diarrhea for >24 h, despite maximum antidiarrheal support; grade 2 skin toxicity for >7 days affecting the patient's subjective well being and requiring cessation of treatment, despite maximum supportive care; and any toxicity > _ grade 3 that was not clearly related to disease progression.
Initially, dose escalation proceeded by two dose levels until two or more patients experienced a grade 2 toxicity, or one or more patients experienced a grade 3 toxicity. Thereafter, dose escalation proceeded by single-dose levels.
Expanded cohorts
After recruitment was complete, an interim analysis of patients who had completed cycles 0 and 1 identified 500-600 mg/day as exceeding the maximum tolerated dose (MTD; defined as the dose of drug at which there is a 33% probability of experiencing toxicity within a 28-day cycle, which cannot be controlled by maximum supportive care). Therefore, 8-10 patients were evaluated sequentially at 100 and 300 mg dose levels in order to further characterize the safety, tolerability, and biological activity of ZD6474. Cycle 0 was omitted from the expansion phase of the study, with patients entering cycle 1 directly.
Safety and tolerability
The primary study objective was to assess the safety and tolerability of escalating oral doses of ZD6474. Following full physical examination at enrolment, adverse events (AEs; defined as the development of a new medical condition or the deterioration of a pre-existing medical condition) were recorded at each scheduled assessment. Unless additional electrocardiograms (ECGs) were clinically indicated, 12-lead ECGs were performed at the screening visit (within 7 days of day 1), pre-treatment (cycle 1), at the end of each 28-day cycle, and at the end of the study. QTc values were obtained using Bazett's method of correction [20] . ZD6474 was withheld if the following criteria were met: QTc > _ 490 ms or QTc > _ 460 ms, with an increase from baseline of > _ 60 ms. Upon resolution of QTc prolongation, ZD6474 could be restarted at 50% of the initial dose. During cycle 0, vital signs were measured before dosing and 2, 4, 6, 8 and 10 h after dosing on day 1, and then every 24 h until day 3. During cycle 1, vital signs were measured before dosing and then daily for 14 days, after which measurements were taken weekly until the end of cycle 2. Following cycle 2, vital signs were measured once every 2 weeks. A chest X-ray was performed within 14 days of day 1 and as clinically indicated.
Pharmacokinetic assessment
During cycle 0, blood samples were collected before dosing and at 1, 2, 4, 6, 8 and 10 h after dosing on day 1, and then every 24 h until day 7. During cycle 1, blood samples were collected before dosing on days 1-14 and day 22, and before dosing and 2, 4, 6, 8, 10 and 24 h after dosing on day 28. Samples were also collected before dosing on days 15 and 29 of any subsequent cycles. Additional pre-dose samples were collected at each ECG assessment.
Plasma concentrations of ZD6474 were determined using high performance liquid chromatography with tandem mass spectrometric detection. These data were used to calculate ZD6474 maximum concentration (C max ), time to maximum concentration (t max ), terminal half-life (t1 2 ), area under the curve to infinity (AUC), and area under the curve to 24 h (AUC 0 -24 ) following the first dose in cycle 0, and C max , t max , AUC 0 -24 and minimum concentration at steady state (C min ) following multiple dosing in cycle 1. The plasma concentration data from the pre-dose samples collected on days 1 -14, 22, 28 and 29 of cycle 1 and on days 15 and 29 of cycles 2 and 3 were used to assess the escalation to steady state for the daily dosing scheme. Population pharmacokinetic [21] and pharmacokinetic-pharmacodynamic [22] modeling was conducted using the population pharmacokinetic software NONMEM.
Tumor response
Tumor response to ZD6474 therapy was evaluated according to RECIST [19] . Baseline radiological tumor assessments were performed < _ 4 weeks before the start of treatment. Clinical assessment was performed after every treatment cycle, and radiological assessment after every evennumbered cycle.
Biomarkers
At one of the study sites, wound angiogenesis was evaluated in 10 patients using a previously reported model [23] . The wound angiogenesis results will be reported separately. Significant intra-and interpatient variability in image acquisition was seen in dynamic contrast-enhanced MRI within this study, precluding image analysis.
Statistical analyses
No formal statistical analysis was performed on the safety, biological or pharmacokinetic data from this trial, as patients were enrolled sequentially rather than randomized to a particular dosage regimen. Sample size was based on practical considerations regarding the nature of the inclusion criteria. Safety data from both phases (dose escalation and cohort expansion) and from all cycles were combined. AEs were presented by starting dose, according to both the Medical Dictionary for Regulatory Activities (MedDRA) coding system and the CTC (version 2.0) grading system. 
Results
Patient characteristics
Patient demographics and baseline characteristics were similar among dosage groups (Table 1) . Of the 77 patients enrolled in the study, all were evaluated for safety and 67 were considered evaluable for efficacy. Ten patients were not eligible for evaluation by RECIST because they had no measurable lesions at baseline. The number of patients who had received previous chemotherapy or radiotherapy was 61 and 19, respectively. All but two patients withdrew from the study by data cut-off, the main reasons for withdrawal being disease progression (n = 61), AE (n = 5) and withdrawal of informed consent (n = 3).
Safety and tolerability
Seventy-six patients had at least one AE, most occurring for the first time during the initial 28-day treatment period. The incidence of AEs in all categories is summarized in Table 2 . The most common drug-related AEs were diarrhea (n = 29), rash (n = 26), nausea (n = 15), hypertension (n = 14), fatigue (n = 14), anorexia (n = 10), acneiform rash (n = 9), Total includes patients receiving 50 mg (n = 9), who did not experience any drug-related CTC grade 3 or 4 adverse events. ALT, alanine aminotransferase; CTC, Common Toxicity Criteria; nos, not otherwise specified. and maculopapular rash (n = 8). Drug-related AEs that led to treatment discontinuation were congestive cardiac failure, follicular rash, folliculitis and prolonged QT interval (all n = 1). Table 3 shows the most common drug-related AEs with CTC grade 3 or 4. There were 43 DLTs reported, 27 of which occurred during the dose-escalation phase and 16 during the cohort expansion phase. Most of the 14 DLTs reported within the first 35 days of the study (cycles 0 and 1) were at the 500 and 600 mg doses: three out of eight patients at each dose experienced four and seven DLTs, respectively (Table 4) . Interim analysis of the dose-escalation phase determined the MTD of ZD6474 to be 500-600 mg; dose escalation had proceeded from 500 to 600 mg before a review of ECG data episodes showed asymptomatic QTc prolongation in the 500 mg (n = 2) and 600 mg (n = 1) cohorts, resulting in no further accrual at these doses per protocol. Consequently, 300 mg was the highest dose used during the cohort expansion phase of the study.
Seven patients experienced QTc prolongation, although all occurrences were asymptomatic (n = 1 in the 100, 300 and 600 mg groups, and n = 2 in the 200 and 500 mg groups). At doses < _ 300 mg, only two of these cases met the predefined criteria for dose reduction, with both patients able to continue treatment at a lower dose of ZD6474 until withdrawal due to disease progression. Seven patients died while participating in this study and six of these deaths were considered to be disease-related. The remaining death was due to sepsis (subsequent to CTC grade 4 respiratory failure), with neither event considered by the investigator to be related to ZD6474 treatment.
Pharmacokinetic evaluation
Plasma pharmacokinetic parameters revealed that absorption and elimination of ZD6474 after a single oral dose was slow, with median t max ranging from 4.0 to 7.5 h and a t1 2 of $ 120 h (Table 5) . Plasma concentration -time profiles following continuous oral dosing with 300 mg are shown in Figure 2 . Trough levels indicated that a minimum of 28 days dosing is necessary to achieve steady-state plasma concentrations of ZD6474.
Population pharmacokinetic analysis showed that the data was adequately described by a two-compartment model with Table 5 . Pharmacokinetic parameters of ZD6474 after a single dose (cycle 0) Parameter ZD6474 dose a (mg) 50 (n = 8-10) 100 (n = 7-8) 200 (n = 6-7) 300 (n = 6 -8) 500 (n = 6-7) 600 (n = 5-8) AUC, area under the curve to infinity; AUC 0 -24 , area under the curve to 24 h; C max , maximum concentration; CV, co-efficient of variation; t max , time to maximum concentration; t1 2 , terminal half-life. Medical dictionary for regulatory activities (MedDRA) preferred term. CTC, common toxicity criteria; ALT, alanine aminotransferase; nos, not otherwise specified.
first-order absorption and a lag time. ZD6474 has a large volume of distribution (2680 l), low clearance (8.47 l/h) and slow absorption (Ka = 0.476 h À1 ), with a lag time of 0.801 h before the drug is detectable in plasma after oral administration (Table 6) .
Tumor response
No patients achieved an objective complete or partial response according to RECIST criteria. The percentage of patients with stable disease ranged from 12.5% to 50.0% across all ZD6474 doses; the best overall response to treatment is summarized in Table 7 . Median time to disease progression ranged from 56 to 218 days, with no apparent trend across doses.
Discussion
In this phase I study of patients with advanced solid tumors, daily oral ZD6474 was generally well tolerated at doses < _ 300 mg/day. Over an average of 11 weeks' treatment (maximum 60 weeks), AEs were mostly mild and readily managed with supportive care/symptomatic treatment. The most common treatment-related AEs were diarrhea and rash, which appeared to be dose-related. Hypertension was also noted, although this did not appear to be related to dose or other pharmacokinetic parameters. Hypertension is likely to be a class effect for inhibitors of VEGF, having been observed in studies of bevacizumab, alone [24] and in combination with chemotherapy [13] , as well as with several other VEGF inhibitors [25] [26] [27] . Any grade of drug-related hypertension was noted in 14 patients (18%); grade 3 hypertension (requiring the addition or modification of an oral anti-hypertensive regimen) was seen in four patients (5%) across all doses. There were no grade 4 hypertensive events or hypertensive crises. Doses of ZD6474 > _ 500 mg were associated with an unacceptable rate of DLTs, primarily diarrhea and rash, although these were readily manageable by dose interruption and reduction. These toxicities are likely related to the EGFR inhibitory effects of ZD6474. QTc prolongation was also noted in this study, but was not associated with any clinical sequelae, aside from prophylactic interruption or reduction of treatment doses per protocol. Potassium and magnesium depletion, which sometimes occur in the setting of treatment-related diarrhea, are known risk factors for QTc prolongation. For these reasons, close monitoring and repletion of electrolytes is advisable during ZD6474 treatment until further data are available. Future clinical studies are planned to better define the frequency of QTc prolongation and any associated risk factors. Pharmacokinetic assessment in this study has confirmed that ZD6474 is suitable for once-daily oral dosing. A minimum of 28 days continuous oral dosing with ZD6474 was required to achieve steady-state plasma concentrations, which is consistent with the long terminal half-life of $ 5 days. It is noteworthy that continuous once-daily dosing with 300 mg ZD6474 was sufficient to achieve concentrations greater than the IC 50 for in vitro inhibition of VEGFR-2 tyrosine kinase activity (calculated using an in vitro IC 50 = 19 ng/ml or 40 nM [16] , and assuming $ 10% free drug in human plasma). Although several patients had stable disease, no objective partial or complete tumor responses were observed in this typically refractory phase I population.
A number of angiogenesis inhibitors are currently in clinical development, including single-and multiple-targeted agents [1] . Although the therapeutic efficacy of targeting VEGF alone has been demonstrated with bevacizumab, targeting other processes essential for tumor growth and development has the potential for increasing antitumor activity with minimal overlapping toxicities. In addition to being a potent inhibitor of VEGFR signaling, ZD6474 is also a submicromolar inhibitor of EGFR tyrosine kinase activity. ZD6474 may therefore provide added therapeutic benefit in tumors with EGFR-dependent proliferation or survival: EGFR inhibition has been shown to downregulate VEGF expression and tumor-related angiogenesis in preclinical models [28, 29] , and selective inhibition of EGFR signaling has shown clinical benefit in advanced cancer patients [30] . Further evaluation of this activity is required, however, in order to better understand any potential benefits.
In conclusion, once-daily oral administration of ZD6474 at doses < _ 300 mg is well tolerated in patients with advanced solid tumors. Phase II evaluation of ZD6474 in this dose range is ongoing in patients with a range of tumor types, both as monotherapy and in combination with certain other anticancer agents.
